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Dentin matrix protein 1 (DMP1) is expressed in both pulp and odontoblast cells and deletion of the Dmp1 gene leads to defects in
odontogenesis and mineralization. The goals of this study were to examine how DMP1 controls dentin mineralization and odontogenesis in vivo.
Fluorochrome labeling of dentin in Dmp1-null mice showed a diffuse labeling pattern with a 3-fold reduction in dentin appositional rate compared
to controls. Deletion of DMP1 was also associated with abnormalities in the dentinal tubule system and delayed formation of the third molar.
Unlike the mineralization defect in Vitamin D receptor-null mice, the mineralization defect in Dmp1-null mice was not rescued by a high calcium
and phosphate diet, suggesting a different effect of DMP1 on mineralization. Re-expression of Dmp1 in early and late odontoblasts under control
of the Col1a1 promoter rescued the defects in mineralization as well as the defects in the dentinal tubules and third molar development. In
contrast, re-expression of Dmp1 in mature odontoblasts, using the Dspp promoter, produced only a partial rescue of the mineralization defects.
These data suggest that DMP1 is a key regulator of odontoblast differentiation, formation of the dentin tubular system and mineralization and its
expression is required in both early and late odontoblasts for normal odontogenesis to proceed.
© 2006 Elsevier Inc. All rights reserved.Keywords: DMP1 transgenic mice; Odontogenesis; Dentin apposition rate; Tooth development; MineralizationIntroduction
Dentin, formed by odontoblasts, is a mineralized tissue that
shares some common characteristics with bone in its
composition and mineralization processes. It is widely
believed that mineralization is initiated by phosphorylated
extracellular matrix proteins localized within collagen gap
zones that bind calcium and phosphate ions in an appropriate
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doi:10.1016/j.ydbio.2006.11.001(Glimcher, 1989; Hunter et al., 1996). However, collagen
alone does not spontaneously mineralize in metastable calcium
phosphate solution (Saito et al., 2001). Many non-collagenous
proteins, which are expressed in odontoblasts, have been
proposed to play important roles in this process (Saito et al.,
2001). These proteins include osteopontin (Denhardt and
Noda, 1998; Fujisawa et al., 1993; Qin et al., 2001; Yoshitake
et al., 1999), bone sialoprotein (Chen et al., 1992; Fisher et al.,
1983; Fujisawa et al., 1993; Lowe et al., 1993; Shapiro et al.,
1993), osteonectin (Papagerakis et al., 2002; Reichert et al.,
1992), osteocalcin (Gorski, 1998; Qin et al., 2001), BAG-75
(Gorski, 1998; Qin et al., 2001), dentin sialophosphoprotein
(DSPP) (D'Souza et al., 1997; Feng et al., 1998; MacDougall
et al., 1997) and DMP1 (Feng et al., 2002, 2003; George et al.,
1993).
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protein, was mapped to mouse chromosome 5q21 (George et
al., 1994) and human chromosome 4q21:22 (MacDougall et al.,
1996). These chromosomal regions contain a superfamily gene
locus of related acidic dentin and bone phosphoproteins that are
of potential importance during the process of bio-mineralization
(MacDougall et al., 1998). DNA sequence analysis has revealed
that the DMP1 protein is rich in aspartic acid, glutamic acid and
serine and has numerous potential phosphorylation sites for
casein kinases I and II. A potential RGD cell attachment
sequence and a chondroitin sulfate chain attached to the NH2-
terminal of DMP1 have also been identified (Qin et al., 2006).
Initial in situ hybridization and Northern data suggested that
this gene was odontoblast specific (George et al., 1993, 1995).
However, more recent in situ hybridization and Northern blot
studies from our laboratory and others have shown that Dmp1 is
also expressed in bone (D'Souza et al., 1997; Feng et al., 2002;
Hirst et al., 1997; MacDougall et al., 1996; Narayanan et al.,
2003) and cartilage (Feng et al., 2002).
George and coworkers showed that overexpression of DMP1
in vitro induces differentiation of embryonic mesenchymal cells
to odontoblast-like cells and enhances mineralization (Naraya-
nan et al., 2001a). They also reported that DMP1 was mainly
localized in the nucleus of MC3T3-E1 cells (preosteoblast-like
cell line) and that the DMP1 protein contained a functional
nuclear localization signal sequence at residues 472–481.
Mutations at this site led to intense cytoplasmic accumulation
of the labeled protein and impeded the interaction of DMP1 with
α-importin, a soluble transport factor. Thus, they proposed that
DMP1 had dual functions, both as a transcription factor that
targeted the nucleus and as an extracellular matrix protein that
initiated mineralization (Narayanan et al., 2003). On the other
hand, Boskey and her colleagues showed that the roles of DMP1
in initiation or inhibition of mineralization in vitro depend on the
phosphorylation and forms of DMP1 (Tartaix et al., 2004).
Dmp-null newborns displayed no apparent phenotype (Feng
et al., 2003), but develop a hypomineralized bone phenotype
(Ling et al., 2005), defects in cartilage formation (Ye et al., 2005)
and hypophosphatemic rickets with elevated FGF23 concentra-
tions (Feng et al., 2006, Lorenz-Depiereux, 2006) during
postnatal development. Mutational analyses revealed that
autosomal recessive hypophosphatemia patients carried a
mutation that ablated the DMP1 start codon or exhibited dele-
tion of nucleotides in the highly conserved DMP1 C-terminus
(Feng et al., 2006).
Previously we reported that mice null for the Dmp1 gene
displayed a partial failure of maturation of predentin into dentin,
hypomineralization of the dentin, as well as expansion of the
pulp cavities and root canals during postnatal tooth develop-
ment. These data suggest that DMP1 is a critical regulator of
mineralization and dentinogenesis in vivo. However, the in vivo
mechanisms by which DMP1 controls odontogenesis and
mineralization are currently unknown (Ye et al., 2004).
To determine whether DMP1 alters the rate of dentin
apposition in vivo, in this study we used a fluorochrome
labeling assay for quantitation of dentin apposition rate. These
studies showed that the mineralization rate was reduced almost3-fold in Dmp1-null mice compared to controls. To determine
when in the odontogenesis pathway the action of DMP1 is
required, we generated transgenic mice overexpressing DMP1
under control of either the 3.6-kb Col1a1 or the 6-kb Dspp
promoter fragment. The 3.6 Col1a1 promoter, which we have
termed the “early” promoter, drives Dmp1 expression in pulp
and odontoblast cells. In contrast, the 6-kb Dspp promoter,
which we have termed the “late” promoter, drives Dmp1
expression in mature odontoblasts. These transgenic mice were
used to determine the effect of overexpression of DMP1 on a
wild-type background as well as to determine the effect of re-
expression of DMP1 at specific stages of odontoblast matura-
tion on the Dmp1-null background. These approaches have
revealed that DMP1 is a key regulator of both odontoblast
differentiation and mineralization during dentin formation.
Materials and methods
Generation of Dmp1 transgenic mice
For generation of a DMP1 “early” transgene that is expressed in pulp cells
and early odontoblasts, a cDNA fragment covering the full-length coding region
of the murine Dmp1 and an SV40 late poly A tail was cloned into a mammalian
expression vector (Braut et al., 2002) (a gift provided by B. Kream and A.
Lichtler, University of Connecticut Medical Center) containing the 3.6-kb rat
type I collagen promoter plus a 1.6-kb intron 1 at EcoRV and SalI sites, giving
rise to the Col1-Dmp1 transgene. For the generation of a DMP1 “late” transgene
that is expressed in mature odontoblasts, the same Dmp1 cDNAwas blunt end
ligated into the pBS II SK+ vector (Sreenath et al., 1999) containing a 6-kbDspp
promoter-intron I region at the NruI site, giving rise to a Dspp-Dmp1 transgene.
This vector was provided by T. L. Sreenath from the functional genomics unit/
NIDCR/NIH. Transgenic founders with CD-1 background were generated by
pronuclear injection according to standard techniques. Two out of four
independent founders from the Col1-Dmp1 transgene construct and two out
of seven independent founders from the Dspp-Dmp1 transgene construct were
used for crossing to Dmp1-null mice (see below).
Expression of Dmp1 transgene in Dmp1-null mice
We have previously described the generation of mice null for Dmp1 using
the lacZ knock-in targeting approach (Feng et al., 2003). For re-expression of
DMP1 in mice lacking Dmp1, breeding was performed using homozygous
Dmp1-null males (viable) and Col1-Dmp or Dspp-Dmp1 female mice that
were heterozygous for the Dmp1-null allele mice to produce Dmp1-null
mutants carrying the early or late Dmp1 transgene. (It is of note that female
Dmp1-null mice are fertile but produce smaller litter sizes compared to
wild-type or heterozygous females.) As no phenotypic differences between the
wild-type mice and heterozygous Dmp1-null mice were found (Ye et al.,
2004), the heterozygous Dmp1-null mice were used for the control. Five
developmental stages were analyzed. Samples were obtained from newborn,
10-day-old, 3-week-old, 1-month-old and 2-month-old mice for this study. All
mice were bred to CD-1 background (for over 6 generations). The animal
research has complied with all relevant federal guidelines and institutional
policies. Statistical differences between groups were assessed either by Student's
t-test or by ANOVA followed by the Tukey–Kramer multiple comparisons test.
PCR genotyping
Genotyping was performed by PCR analysis of genomic DNA extracted
from the tail using primers p01 (5′-CTTGACTTCAGGCAAA TAGTGACC-
3′) and p02 (5′-GCGGAA TTCGATAGCTTGGCTG-3′) for detection of the
null Dmp1 allele (280 bp), and primers p01 (5′-CTTGACTT CAGGCAAA-
TAGTGACC-3′) and p03 (5′-CTGTTCCTCACTCTCACTGTCC-3′) for
detection of the wild-type allele (410 bp). The primers p04 (5′-CAGCCGTT
Fig. 1. Dentin mineral apposition rate is reduced in Dmp1-null mice. Panel A,
fluorochrome-labeled sections of the lower first molar from heterozygous
control (HET, left, and inset) and Dmp1 knockout mice (KO, right, and inset)
reveal a reduction of the dentin mineralization rate in the knockout mice. Scale
bar=10 μm. Panel B, quantitative analysis shows a significant difference in the
dentin appositional rate between the control and the KO in the first molar (data
are mean±SEM from n=4 replicates, ***p<0.001 by Student's t-test).
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CTCATCAATGTATCT-3′, from SV40 poly A) were used for detection of the
transgene for Col1-Dmp1 or Dspp-Dmp1, giving rise to a ∼400-bp fragment.
Vitamin D receptor (VDR)-null mice
We have previously described the generation of mice null for VDR using
gene targeting approaches (Li et al., 1997). In this experiment mandibles were
isolated from the 2-month-old wild-type and VDR-null mice with a CD-1 and
C57B6 mixed background.
High calcium and phosphate diet
To determine whether a high calcium/phosphate diet could rescue the tooth
phenotypes observed in Dmp1-null mice, the mice were either fed ad libitum on
regular rodent chow (containing 1% calcium and 0.7% phosphate) or on a high
calcium, high lactose diet containing 2% calcium, 1.5% phosphate and 20%
lactose (TD96348, Teklad, Madison, WI). This diet has previously been shown
to normalize blood-ionized calcium levels in VDR-null mice (Li et al., 1998).
High-resolution radiography of the teeth and mandible
To obtain high-resolution radiographs of the mouse teeth, the first and third
molars were extracted as described previously (Ye et al., 2004). Briefly, fresh
mandibles were incubated in lysis buffer (2× SSC, 0.2% SDS, 10 mM EDTA,
10 mg/ml Proteinase K) for 1–2 days. After the muscles surrounding teeth were
digested, the mandibles were washed in 1× phosphate-buffered saline, and
molars were extracted under a dissection microscope. The intact mandibles and
isolated first and third molars were then X-rayed on a Faxitron model MX-20
Specimen Radiography System with a digital camera attached (Faxitron X-ray
Corp., Buffalo Grove, IL).
Resin casted scanning electron microscopy (SEM)
Mandibles were dissected, fixed in 2% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M cacodylate buffer solution (pH 7.4) at room temperature
for 4 h and then transferred to 0.1 M cacodylate buffer solution. The tissue
specimens were dehydrated in ascending concentrations of ethanol (from 70% to
100%), embedded in methyl-methacrylate (MMA, Buehler, Lake Bluff, IL) and
then surface polished using 1 μm and 0.3 μm alumina alpha micropolish II
solution (Buehler) in a soft cloth rotating wheel. The dentin surface was acid
etched with 37% phosphoric acid for 2–10 s, followed by 5% sodium hypo-
chlorite for 5 min. The samples were then coated with gold and palladium as
described previously (Martin et al., 1978) and examined using an FEI/Philips
XL30 Field emission environmental scanning electron microscope (Hillsboro,
OR).
Colloidal gold immunolabeling for DMP1 and transmission electron
microscopy
For high-resolution ultra-structural immunocytochemistry, hemi-mandibles
from 1-month-old mice were fixed overnight by immersion in buffered 4%
paraformaldehyde. After decalcification for 2 weeks in 4%EDTA (pH 7.3) under
constant agitation at 4°C, samples were dehydrated through graded ethanols and
embedded in LRWhite acrylic resin (London Resin Company, Berkshire, UK).
One-micrometer-thick survey sections were cut in the molar regions,
perpendicular to the long axis of the hemi-mandible, using a Reichert Ultracut
E ultramicrotome. Sections were stained on glass slides with toluidine blue for
light microscopy, and selected areas were chosen for thin sectioning (80–
100 nm). Thin sections were placed on Formvar™- and carbon-coated nickel
grids for colloidal-gold immunocytochemistry and transmission electron
microscopy. Post-embedding immunogold labeling for DMP1 was performed
on grid-mounted thin sections as described previously (McKee and Nanci, 1995)
using anti-rat DMP1 rabbit polyclonal antibody (courtesy of Dr. W. T. Butler)
followed by protein A-gold (14-nm-diameter gold particles; Dr. G. Posthuma,
University of Utrecht, The Netherlands). Briefly, grid-mounted tissue sections
were floated for 5 min on a drop of 0.01 M phosphate-buffered saline (PBS)containing 1% ovalbumin (Sigma) and then transferred and incubated for 1 h at
room temperature on a drop of rabbit anti-DMP1. After this primary incubation,
sections were rinsed with PBS, placed again on PBS-1% ovalbumin for 5 min,
followed by incubation for 30 min at room temperature with the protein A-gold
complex. Tissue sections were then washed thoroughly with PBS, rinsed with
distilled water, air dried, routinely stained with uranyl acetate and lead citrate and
viewed by transmission electron microscopy. Control immunocytochemical
incubations consisted of substituting the primary antibody with non-immune
rabbit serum or with irrelevant polyclonal antibody, or omitting the primary
antibody and using protein A-gold alone. Morphological observations and
immunogold labeling patterns were recorded using a JEOL 2000FXII
transmission electron microscope operated at an accelerating voltage of 80 kV.
Visualization of the dentin tubules by procion red
This small molecular dye was injected 10 min prior to sacrifice through the
tail vein (0.8% procion red in sterile saline, 10 μl/g body weight) under
anesthesia by Avertin (5 mg/kg body weight). After sacrifice, the mandibles
were fixed in 70% ETOH followed by dehydration and embedded using a
standard epoxy method (Knothe Tate et al., 2004). The specimens were
sectioned at 100-μm thickness using a Leitz 1600 saw microtome. The
specimens were then viewed under a Nikon C100 confocal microscope (Nikon,
USA) and photographed using an Optronics cooled CCD camera.
Double fluorochrome labeling of the teeth
To analyze the changes in dentin apposition rate, double fluorescence labeling
was performed as described previously with a minor modification (Miller et al.,
1985). Briefly, a calcein label (5 mg/kg i.p.; Sigma-Aldrich) was administered to
24-day-old mice. This was followed by injection of an Alizarin Red label (20 mg/
kg i.p.; Sigma-Aldrich) 5 days later. Mice were sacrificed 48 h after injection of
the second label, and the mandibles were removed and fixed in 70% ethanol for
Fig. 2. Abnormal morphology of the dentinal tubules in Dmp1-null mice. Panel
A shows resin-casted SEM images of the dentinal tubules in heterozygous
control (HET, upper panel) and Dmp1 knockout mice (KO, middle panel). Note
that the tubules in the KO mice appear more disorganized and show less
branching that in controls. Scale bar=10 μM. Panel B shows a higher
magnification view in which it is clear that the dentin tubules in Dmp1-null mice
(KO, lower right panel) are flatter, wider and less branched compared to controls
(HET, lower left panel). Scale bar=5 μM.
Fig. 3. The role of DMP1 in odontogenesis appears to be local and not systemic.
Panel A, representative radiographs demonstrate a similar thin dentin wall
(arrowhead) in the molars from VDR KO (middle) and Dmp1 KO mice (right)
compared to wild-type controls (WT, left). Panel B, the procion red dye, which
diffuses through the dentinal tubule system, shows no gross abnormalities in the
appearance of dentin tubules in the VDR KO mice (middle). In contrast,
dramatic abnormalities in the dentin tubular morphology are observed in the
Dmp1 KO mice (right) compared to controls (left). Scale bar=10 μm. Panel
C, a high calcium diet, fed to the mice from weaning until 2 months of age, fails
to rescue the reduced dentin thickness (arrow) observed in the DMP1 KO mice
(right) compared to controls (left).
194 Y. Lu et al. / Developmental Biology 303 (2007) 191–20148 h. The specimens were dehydrated through a graded series of ethanol (70–
100%) and embedded in MMA without prior decalcification. One hundred-
micrometer sections were cut using a Leitz 1600 saw microtome. The unstained
sections were viewed under epifluorescent illumination using a Nikon E800
microscope, interfaced with the Osteomeasure histomorphometry software
(version 4.1, Atlanta, GA). Using this software, the mean distance between the
two fluorescent labels was determined and divided by the number of days
between labels to calculate the apposition rate (μm/day). These analyses were
performed on the lower first molars.
In situ hybridization
The digoxigenin (DIG)-labeled mouse cRNA probes of Dmp1 (0.5 kb) and
Osterix (0.6 kb, a gift fromS.E. Harris, UTHealth ScienceCenter at SanAntonio,TX) were prepared with the use of an RNA Labeling Kit (Roche, Indianapolis,
IN, USA). In situ hybridization on paraffin sections was carried out essentially as
described previously (Feng et al., 2002). The hybridization temperature was set at
55°C and washing temperature at 70°C so that endogenous alkaline phosphatase
(AP) would be inactivated. DIG-labeled nucleic acids were detected in an
enzyme-linked immunoassay with a specific anti-DIG-AP antibody conjugate
and an improved substrate that gives rise to a red signal (Vector, Burlingame, CA)
according to the manufacturer's instructions.
Immunocytochemistry
Deparaffinized long-bone sections were stained as described previously (Ye
et al., 2004) with a rabbit anti-rat DMP1 peptide polyclonal antibody made to the
N-terminal peptide 90-111.
Results
Disruption of Dmp1 leads to abnormalities in mineralization
and ultrastructure of dentin
Previously we reported a hypomineralized phenotype in the
dentin of Dmp1-null mice, as reflected by increased width of the
predentin zone and reduced thickness of the dentinwall (Ye et al.,
2004). However, it was not clear if this defect is due to a failure in
initiation of mineralization or to a reduced rate of mineralization.
To address this question, the dentin apposition rate wasmeasured
using the fluorochrome labeling assay (Miller et al., 1985). Fig.
1A shows fluorochrome labeling of heterozygous control (left)
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day 24, followed by an injection of alizarin red at day 29 and
sacrifice 2 days later. In control mice, there are two discrete lines
of labeling. The distance between the two lines reflects the dentin
formation rate at ∼7 μm/day (Fig. 1A, left lower panel). In the
Dmp1 KO mice, the fluorochrome labeling lines appear thicker,
wavy and more diffuse than controls (Fig. 1A, right lower panel)
and the distance between the labeling lines is significantly
reduced, resulting in an appositional rate of less than 2 μm/day
(Fig. 1B). Thus, in the Dmp1-null mice the appositional rate
appears to be reduced more than 3-fold compared to controls,
suggesting that changes of the apposition rate might have
resulted from a disorganization of odontoblast layer.
To determine whether deletion of DMP1 also changes the
dentin ultrastructure, we next examined the dentin of Dmp1-null mice by scanning electron microscopy using an acid-etched
resin casting technique (Martin et al., 1978) (Fig. 2). In this
technique, polished surfaces of the resin embedded dentin were
etched with acid to remove mineral, leaving a relief cast of the
non-mineralized areas that have been infiltrated by resin. This
technique therefore shows the morphology of the dentin tubular
system. Striking differences were observed in the appearance of
the dentin tubules from Dmp1-null mice compared to age-
matched controls, with the tubular processes appearing
disorganized and less branched. These observations suggest
that DMP1 plays a major role in establishing the correct
architecture and organization of the dentin tubular system,
either as a secondary consequence of its effects on mineraliza-
tion or through a direct effect of DMP1 on dentin tubule
formation.
Consistent with a potential role for DMP1 in formation of the
dentin tubules, Butler and co-workers (2002) showed by
immunogold EM that in the tooth, DMP1 is predominantly
localized in the walls of the dentin tubules. Thus, DMP1 is
ideally located to play a role in dentin tubule formation.
The dentin phenotype in Dmp1-null mice is a unique model and
appears to have a different mechanism than that caused by
deletion of the Vitamin D receptor (VDR)
Abnormalities in the dentin tubular system in Dmp1-null
mice could be due to direct effects of DMP1 on dentine tubule
formation and/or maintenance or they may occur as a secondary
consequence of the impairment in mineralization. To address
this question, we next compared the properties of dentin tubules
in Dmp1-null mice to those in the VDR-null mouse, a classic
animal model of osteomalacia (Zheng et al., 2004).
Compared to age matched Het controls (left), dentin from
2-month-old VDR-null (middle) and Dmp1-null (right) mice
showed a similar thin dentin wall, as demonstrated by high-
resolution radiographs (Fig. 3A). This confirms that there is a
similar defect in dentin mineralization in VDR KO miceFig. 4. Rescue strategy and targeted re-expression of transgenic DMP1 in Dmp1
KO mice. Panel A shows a schematic diagram depicting the key steps in
odontoblast differentiation. The arrows corresponding to the Col1a1 and Dspp
promoters indicate when these promoters are active during the odontogenesis
pathway. Transgenic mice were generated in which the coding region of the
murine Dmp1 cDNA was expressed under control of the Col1a1 promoter (for
early expression in pulp cells and odontoblasts) or under control of the Dspp
promoter (for expression in mature odontoblasts). These transgenic mice were
crossed onto the Dmp1-null background for re-expression of DMP1 at specific
stages during odontogenesis. Panels B–E show in situ hybridization (red
staining with green nuclear counterstain) and immunostaining (brown staining
with green nuclear counterstain) for DMP1 in the lower 3rd molar in 10-day-old
mice. In Dmp1 KO mice (B), no DMP1 was detected, either at the mRNA (left)
or protein (right) level. In control mice (C), endogenous expression of DMP1
mRNA (left) and protein (right) was observed in the early odontoblasts (black
arrows). In Dmp1 KO mice expressing the Col1a1-DMP1 transgene (D), strong
expression of DMP1 RNA and protein was observed in both early (arrowhead)
and mature (arrow) odontoblasts. Expression was also seen in the pulp cells
(inset). In Dmp1 KO mice expressing the Dspp-DMP1 transgene (E) expression
of DMP1 was detected in mature odontoblasts (arrow). Unlike the Col1a1
transgene, there was no expression of the Dspp-DMP1 transgene in the pulp
cells (inset) (scale bar=25 μm, inset bar=5 μm).
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small molecular dye that penetrates the dentin tubules to
provide a visual representation of the organization of the dentin
tubular system. Fig. 3B shows that in control mice the dentin
tubules are highly organized, extensively branched and spaced
regularly (left). There appears to be no obvious change in the
dentin tubules of VDR-null mice (middle) compared to wild
type. In contrast, the dentin tubules in Dmp1-null mice (right)
are fewer in number, less branched and appear disorganized,
similar to our observations using the acid-etched resin cast
technique (Fig. 2).
Taken together, these data suggest that DMP1 plays a critical
role in establishing the correct architecture and organization of
the dentin tubular system and that the abnormalities in the
dentin tubules of Dmp1-null mice are likely not a secondary
consequence of impaired mineralization. Therefore, DMP1 may
have specific roles in both regulation of mineralization and in
formation and/or maintenance of the dentin tubular system.
Exclusion of the potential effect of systemic calcium on the
Dmp1-null phenotype
Due to the specific localization of DMP1 on the walls of the
dentin tubules and our previous observations that Dmp1 is
highly expressed in mineralizing cell types (Feng et al., 2002,
2003), we hypothesized that the role of DMP1 in controlling
mineralization is mainly local and not systemic. To test this
hypothesis, a calcium/phosphorus lactose-enriched diet was fed
to Dmp1-null and age-matched littermates immediately after
weaning until 2 months of age. Analysis by radiography showed
no rescue of the Dmp1-null phenotype by the high calcium diet
(Fig. 3C), even though this diet has previously been shown to
completely rescue the osteomalacia phenotype of VDR KO
mice (Amling et al., 1999). These data suggest that the
mechanism by which DMP1 regulates mineralization is
different from that mediated through vitamin D receptor actions.
Overexpression of Dmp1 driven by the 3.6-kb Col1a1 or the
Dspp promoter on a wild-type background has no apparent
effect on normal tooth development
The Dmp1-null mice show profound abnormalities in
mineralized tissues postnatally (Ye et al., 2004, 2005). However,
it is sometimes difficult to define the mechanisms of action of a
gene simply by characterizing the null phenotype as this
phenotype could result from the complex interactions of manyFig. 5. Full or partial rescue of the tooth phenotype in Dmp1 KO mice by re-expres
Dspp (Late Rescue) promoters. Panel A shows radiographs of the lower first molar fr
expressing DMP1 under control of the Col1a1 promoter (early rescue) and Dspp pro
KO mice that is rescued by the Col1a1-DMP1 (early) transgene but not by the Dspp-
HET control (left), Dmp1 KO (left center), early rescue (right center) and late rescue m
bar=50 μm. Panel C shows quantitative analysis of the dentin thickness and dentin
dentin phenotype in these mice, whereas the Dspp-DMP1 transgene only restores the
determined by ANOVA, followed by Tukey–Kramer multiple comparisons, *p<0.05
staining for DMP1 using anti-DMP1 and 14-nm protein A-gold particles. Note the ab
of the tubule wall. Re-expression of DMP1 under control of the Col1a1 promoter (E
tubular wall, which also has a smooth morphology.cellular processes. To achieve a better understanding of protein
function, it is often useful to compare both gain of function and
loss of function approaches. We therefore next generated
transgenic mice which overexpressedDmp1 either under control
of the 3.6-kb Col1a1 promoter, which will result in expression
of DMP1 in both the pulp and odontoblast cells (Braut et al.,
2002; Mina and Braut, 2004) or under control of the Dspp
promoter, which targets expression to mature odontoblasts only
(Sreenath et al., 1999). We also used the Dmp1-null mice as a
genetic background on which to re-express Dmp1 under control
of these promoters to define at which stage in odontoblast
differentiation the expression of Dmp1 was required. Fig. 4A
shows a schematic representation of when the Col1a1 and Dspp
promoters are expressed during odontogenesis.
Four independent lines were obtained for the 3.6-kb Col1a1-
DMP1 transgenic mice and seven lines for the Dspp-DMP1
transgenic mice. All founders were fertile. Surprisingly, when
Dmp1 was overexpressed on a wild-type background, either
under control of the Col1a1 or Dspp promoters, no apparent
phenotype was observed, either by radiographical or histologi-
cal examination (data not shown). Expression of the Dmp1
transgene at both the mRNA and protein level was confirmed in
the expected locations and showed that expression of the
transgene was actually higher than expression of the endogen-
ous Dmp1 gene (data not shown).
Transgenic expression of DMP1 using the 3.6 Col1a1 promoter
completely rescues the dentin defects in the Dmp1-null model,
while DMP1 expressed by the Dssp promoter only partially
rescues the dentin defects
To determine when during odontogenesis the expression of
Dmp1 is critical for normal dentin formation, Dmp1 was re-
expressed on the Dmp1-null background at specific stages of
odontoblast differentiation. Two independent lines, one with
high and one with low expression levels, were used from each
of the transgenic mice to cross onto the Dmp1-null mice,
thereby re-expressing Dmp1 in early or late odontoblasts. Fig.
4B shows in situ hybridization (left panel) and immunostaining
(right panel) confirming the lack of expression of endogenous
Dmp1 in Dmp1-null mice. In Het control mice (Fig. 4C),
expression of Dmp1 was found predominantly in the early
odontoblasts, as we have reported previously (Feng et al.,
2003). Fig. 4D shows Dmp1-null mice in which Dmp1 has been
re-expressed under control of the Col1a1 promoter. By both in
situ hybridization and immunohistochemistry, expression ofsion of transgenic DMP1 under control of the 3.6-kb Col1a1 (Early Rescue) or
om 1-month-old control (HET) and Dmp1 KO (KO) mice as well as KO mice re-
moter (late rescue). Note the reduced thickness of the dentin wall (arrow) in the
DMP1 (late) transgene. Panel B shows H&E staining of the first molars from the
ice (right). Enlarged images of the dentin and predentin are shown below. Scale
/predentin ratio. Note that the Col1a1-DMP1 transgene completely rescues the
predentin thickness (data are mean±SEM from n=4 replicates, significance was
, **p<0.01). Panel D shows TEM images of dentinal tubules after immunogold
sence of labeling in the Dmp1-null mice (left), together with the irregular surface
arly RES) is shown on the right. Note the accumulation of gold labeling on the
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expected. When DMP1 was re-expressed under control of the
Dspp promoter (Fig. 4E), expression of the DMP1 transgene
was observed only in mature odontoblasts. Interestingly, the
expression level of the DMP1 transgene (Col1-DMP1 or Dspp-
DMP1) was equivalent to or much higher than endogenousDmp1 expression in the Het controls, as determined both at
the protein and mRNA levels (Figs. 4C–E).
To determine the effect of re-expression of DMP1 at specific
stages in odontoblast differentiation, the lower 1st molars from
1-month-old mice were examined by radiography and histol-
ogy. Representative radiographs show full rescue of dentin
Fig. 6. Reduced osterix expression in the tooth in Dmp1 KO mice and its
restoration by re-expression of DMP1 under control of the Col1a1 promoter. (A)
In situ hybridization in the lower first molar of newborn (left) and 10-day-old
mice shows that in control (HET) mice, the transcription factor, osterix, is
expressed in both pulp cells (P) and odontoblasts (Od) (red staining indicates
RNA expression and nuclei are counterstained in green). (B) At this time, in the
Dmp1 KO mice (KO) osterix was undetectable in the newborn molar (left) with
a low level in 10-day-old molar (right). (C) Re-expression of DMP1 under
control of the Col1a1 promoter in mice lacking endogenous DMP1 (Early RES)
restored osterix expression in both pulp and odontoblast cells from newborns
(left) and 10-day-old molars (right). The insert shows an enlargement of the 10-
day-old root dentin area. The expression level in the rescued mice was actually
higher than in control animals. Scale bar=100 μm.
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only a partial rescue by the Dspp-DMP1 transgene (Late Res)
(Fig. 5A). Histological examination by H&E staining confirmed
that there was a complete rescue of abnormalities in both the
dentin and predentin when Dmp1 was re-expressed using the
Col1a1 (early) promoter. In contrast, only a partial rescue
was observed when Dmp1 was re-expressed using the Dspp
(late) promoter (Fig. 5B). Quantitation of the dentin and
predentin thickness by histomorphometry confirmed a more
than 2-fold increase in predentin thickness in Dmp1-null mice.
The Col1a1-DMP1 transgene was able to fully rescue the
dentin and predentin thickness and restore the predentin to
dentin ratio to control levels (Fig. 5C). In contrast, the Dspp-
DMP1 transgene rescued the predentin thickness but failed to
rescue the dentin thickness. Thus, the Dspp-DMP1 transgene
was only able to partially restore the ratio of predentin to
dentin (Fig. 5C).
By immunogold TEM, we observed that a lack of DMP1 was
linked to abnormalities in the dentinal tubule walls, which
appeared to have much rougher and more irregular surfaces
(Fig. 5D, left panel). Restoration of DMP1 expression using the
Col1a1-DMP1 transgene restored the normal distribution of
DMP1 within the dentin tubule walls and rescued these
irregularities in morphology (Fig. 5D, right panel). These data
suggest that this transgene was able to rescue both abnormalities
in dentin tubule formation as well as the defect in mineralization
in Dmp1-null mice.
Expression of DMP1 under control of the 3.6-kb Col1a1
promoter restores osterix expression level
Overexpression of DMP1 in vitro induces differentiation of
embryonic mesenchymal cells to odontoblast-like cells and
enhances mineralization (Narayanan et al., 2001b), suggesting
that one of the mechanisms by which DMP1 regulates dentin
mineralization may be via control of odontoblast differentiation
in vivo. To test this hypothesis, we examined expression of
osterix, a transcriptional factor that is essential for early
osteoblast differentiation (de Crombrugghe B and Nakashima,
2001) and has been linked to tooth formation (Mary
MacDougall, personal communication). In newborn Het control
mice, osterix was expressed in both pulp and odontoblast cells
as determined by in situ hybridization (Fig. 6A, left panel). In
contrast, in Dmp1-null newborns, expression of osterix was
very low (Fig. 6A, right panel) and its expression remained at a
low level in 10-day-old animals compared to controls (Fig. 6B).
Transgenic re-expression of DMP1 driven by the 3.6 Col1a1
promoter completely rescued osterix expression in both pulp
and odontoblast cells and in fact induced expression of levels of
osterix that were higher than in control mice (Fig. 6C). These
data show that a lack of Dmp1 expression results in down-
regulation of a transcription factor known to be important in
osteoblast and odontoblast differentiation. These observations
are in agreement with our previous report that DSPP (an
odontoblast marker) is reduced in Dmp1-null mice (Ye et al.,
2004), therefore supporting a role for DMP1 in odontoblast
differentiation.The Col1a1-DMP1, but not Dspp-DMP1 transgene, restores
the delayed 3rd molar development seen in the Dmp1-null mice
We have previously shown that there is delayed develop-
ment of the third molar in the Dmp1-null mice (Ye et al.,
2004). We therefore examined whether re-expression of
DMP1 in early or late odontoblasts could rescue the
development of the third molar. Fig. 7A shows radiographs
from 10-day-old heterozygous control mice compared to
Dmp1-null mice and Dmp1-null mice in which Dmp1 was re-
expressed under control of the Col1a1 (early) or Dspp (late)
promoters. In the KO mice, delayed development of the third
molar was observed, which was rescued by the Col1a1-
DMP1 transgene but not the Dspp-DMP1 transgene. These
data suggest that early expression of DMP1 is required for
normal development of the third molars.
Histological analysis confirmed the delayed development of
the third molar in Dmp1-null mice (Fig. 7B) and confirmed that
this was rescued by the Col1a1-DMP1 but not the Dspp-DMP1
transgene. Interestingly, by 1 month of age the size of the 3rd
Fig. 7. Rescue of delayed development of the third molars in Dmp1 KO mice by
re-expression of DMP1 under control of the 3.6-kb Col1a1 but not the Dspp
promoter. Panel A shows radiographs of the mandible of 10-day-old mice. Note
that in the control mice (HET), the third molar is evident on the radiograph.
However, in Dmp1 KO mice (KO), the development of the third molar is
delayed. Re-expression of DMP1 under control of the Col1a1 transgene (Early
RES) rescues the development of the third molar but the Dspp-DMP1 transgene
fails to rescue third molar development. Panel B shows H&E staining of sections
through the mandible, confirming the delayed development of the third molar in
Dmp1 KO mice and its rescue by the Col1a1-DMP1 transgene (Early RES) but
not the Dspp-DMP1 transgene (Late RES) (scale bar=200 μm). Panel C shows
radiographs of the mandible from 1-month-old mice. Note that in these 1-month-
old animals, the third molar appears similar in control, Dmp1 KO and the early
and late rescued animals suggesting that in Dmp1 KO mice there is only a delay,
but not a failure in development of the third molar.
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DMP1 transgene appeared similar to controls (Fig. 7C),
suggesting that there is only a delay in third molar formation
rather than a failure in formation.
Discussion
In this study, the Dmp1 deletion, overexpression and re-
expression data provide important new insights into the function
of this molecule. These data suggest that DMP1 has importantroles during odontogenesis on at least two different levels,
including (i) formation and/or maintenance of the dentin tubular
system (ii) and mineralization of the dentin. DMP1 also plays a
unique role in development of the third molar that appears to be
distinct from its functions in the other teeth. Furthermore, the
role of DMP1 in mineralization appears to be locally mediated,
as it was not rescued by a high calcium and phosphate diet,
suggesting that the pathways are distinct from other models of
dentin hypomineralization, such as the VDR knockout mice.
By re-expressing DMP1 in Dmp1-null mice at different
stages of odontoblast differentiation, we have shown that DMP1
plays critical roles in the early odontoblast and that in order to
fully rescue the mineralization defect in the Dmp1-null mice,
expression is required in both early and late odontoblasts. Thus,
the end point of normal dentin mineralization probably results
from the combined effects of DMP1 on odontoblast differentia-
tion, dentin tubule formation as well as its local effects on
mineralization.
Interestingly, neither heterozygous Dmp1-null mice nor
Dmp1 overexpressing mice showed an apparent phenotype.
These observations suggest that there may be a threshold level
of DMP1 required for normal odontogenesis, but above that
level, the actual amount of DMP1 does not have a dose-related
effect. As DMP1 purified from rat bone is in the form of cleaved
N-terminal and C-terminal fragments (Qin et al., 2003), a
possible explanation is that the intact DMP1 itself may not be
biologically active and that proteolytic cleavage into active
forms may be required for DMP1 to exert biological effects.
Thus, excess DMP1 would have no biological effect unless
sufficient protease was present in the appropriate cells for
cleavage into its active forms. Such a mechanism would explain
why an excess amount of DMP1 produces no apparent
phenotype but re-expression of DMP1 on a Dmp1-null back-
ground rescues the phenotype. In fact, for each of the DMP1
overexpressing lines (Col1-DMP1 and Dspp-DMP1), we used
two independent transgenic mouse lines, one with high and one
with low expression levels for crossing onto the Dmp1-null
mice. In both cases, we did not see apparent dosage effects of
the expression levels of the transgene on rescue efficiency,
suggesting that the expression time and/or location is critical as
shown in Figs. 4–7.
Furthermore, overexpression of DMP1 had no apparent
effect on dentin apposition rate but rescued the defect of dentin
apposition rate when crossed to Dmp1-null mice (Supplemen-
tary Fig. 1). Again, this information is consistent with the data
discussed above.
An intriguing question in the function of DMP1 is its role in
formation and/or maintenance of the dentin tubular system and
whether this may be linked to its role in regulating mineraliza-
tion. Our data suggest that, unlike other models of dentin
hypomineralization, such as the VDR knockout mice, DMP1
appears to exert its control over mineralization via a local
mechanism. We propose that an intact, open dentin tubular
system may be required during mineralization for delivery of
calcium/phosphorus to sites of mineralization. Through its role
in formation and/or maintenance of the dentin tubules, DMP1
may be therefore providing an essential conduit for calcium and
200 Y. Lu et al. / Developmental Biology 303 (2007) 191–201phosphate to facilitate the mineralization process. As deletion of
DMP1 results in malformation of the dentinal tubular network,
this may result in a failure to deliver calcium/phosphorus to sites
of mineralization, thus contributing to the hypomineralized
phenotype.
A study by George and co-workers (Narayanan et al., 2003)
has provided evidence that DMP1 itself may function as a
transcription factor. Such an activity may contribute to the
apparent effects of DMP1 on odontoblast differentiation in vivo.
Our data showing reduced expression of DSPP (an odontoblast
marker) (Ye et al., 2004) and osterix (a transcription factor
important in odontogenesis, Fig. 6) support a role for DMP1 in
odontoblast differentiation. Second, transient transfection of
CMV-DMP1 (Supplementary Fig. 2A) led to an increase of
alkaline phosphatase activity in C3H10T1/2 (a mouse pluripo-
tent cell line, 5.4-fold), 17IA4 (Pre-odontoblast cell line, 4.8-
fold) or 17IIA11 (odontoblast cell line, 3.3-fold). Third,
overexpression of DMP1 resulted in a 3-fold increase of DSPP
mRNA and a 2-fold increase of osterix mRNA in vitro (Supple-
mentary Fig. 2B). These in vitro observations further support
roles of DMP1 in regulation of odontoblast differentiation.
However, this does not imply that differentiation is completely
arrested in the Dmp1-null mice. Instead, the differentiation is
likely delayed, which would be consistent with formation of
lower amounts of dentin and predentin (Fig. 5).
In summary, these studies have identified DMP1 as a key
regulator of odontoblast differentiation, formation of the dentin
tubular system and as a regulator of dentin mineralization.
Targeted re-expression of DMP1 in Dmp1-null mice has shown
that DMP1 expression is required in early odontoblasts, but that
its continued expression in mature odontoblasts is also required
for normal dentinogenesis. These observations highlight DMP1
as a candidate gene for human disorders of dentin mineraliza-
tion and potentially for conditions of tooth agenesis. The future
study of this key molecule may also provide important new
insights into how the process of mineralization in dentin is
locally regulated.
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